Hypoglycaemia is the limiting factor in the glycaemic management of diabetes. Iatrogenic hypoglycaemia is typically the result of the interplay of insulin excess and compromised glucose counterregulation in Type I (insulin-dependent) diabetes mellitus. Insulin concentrations do not decrease and glucagon and epinephrine concentrations do not increase normally as glucose concentrations decrease. The concept of hypoglycaemia-associated autonomic failure (HAAF) in Type I diabetes posits that recent antecedent iatrogenic hypoglycaemia causes both defective glucose counterregulation (by reducing the epinephrine response in the setting of an absent glucagon response) and hypoglycaemia unawareness (by reducing the autonomic and the resulting neurogenic symptom responses). Perhaps the most compelling support for HAAF is the finding that as little as 2 to 3 weeks of scrupulous avoidance of hypoglycaemia reverses hypoglycaemia unawareness and improves the reduced epinephrine component of defective glucose counterregulation in most affected patients. The mediator and mechanism of HAAF are not known but are under active investigation. The glucagon response to hypoglycaemia is also reduced in patients approaching the insulin deficient end of the spectrum of Type II (non-insulin-dependent) diabetes mellitus, and glycaemic thresholds for autonomic (including epinephrine) and symptomatic responses to hypoglycaemia are shifted to lower plasma glucose concentrations after hypoglycaemia in Type II diabetes. Thus, patients with advanced Type II diabetes are also at risk for HAAF. While it is possible to minimise the risk of hypoglycaemia by reducing risks -including a 2 to 3 week period of scrupulous avoidance of hypoglycaemia in patients with hypoglycaemia unawareness -methods that provide glucose-regulated insulin replacement or secretion are needed to eliminate hypoglycaemia and maintain euglycaemia over a lifetime of diabetes. [Diabetologia (2002) 45:937-948] Keywords Hypoglycaemia, glucagon, epinephrine, adrenal medulla, sympathetic nervous system, hypoglycaemia-associated autonomic failure. 
genic hypoglycaemia which is the result of the interplay of absolute or relative insulin excess and compromised glucose counterregulation in Type I diabetes [3, 4, 5] is the limiting factor in the glycaemic management of diabetes. If it was not for the potentially devastating effects of hypoglycaemia on the brain, diabetes would be relatively easy to treat. Enough insulin, or any effective drug, to lower plasma glucose concentrations to or below the normal range would eliminate the symptoms of hyperglycaemia, prevent the acute hyperglycaemic complications (ketoacidosis, hyperosmolar syndrome), almost assuredly prevent the long-term microvascular complications [1, 2] and probably reduce macrovascular risk to baseline [6, 7] . But, the effects of hypoglycaemia on the brain are real and the glycaemic management of diabetes is therefore complex and generally only partially successful.
Iatrogenic hypoglycaemia often causes recurrent physical and psychosocial morbidity and sometimes causes death [4] . Furthermore, it precludes true glycaemic control, ie. maintenance of euglycaemia over time, in the vast majority of people with diabetes [1, 2] . As a result, complications can develop or progress despite aggressive therapy. For example, in the Diabetes Control and Complications Trial (DCCT) in Type I diabetes, retinopathy developed or progressed in 14% of the patients treated intensively (compared with 32% of those treated conventionally) [1] . Similarly, in the United Kingdom Prospective Diabetes Study (UKPDS) in Type II diabetes any studied microvascular endpoint was reached in 8% of the patients treated intensively (compared with 11% of those treated less intensively) [2] .
The barrier of iatrogenic hypoglycaemia could explain why aggressive attempts to achieve glycaemic control have had little impact on macrovascular events in people with diabetes [1, 2] . It seems that the curve describing the relation between mean glycaemia (haemoglobin A 1C ) and macrovascular events, such as myocardial infarction, is shifted toward lower mean glycaemia compared with that between mean glycaemia and microvascular complications [6] . Indeed, there is evidence of an increased risk of death from ischemic heart disease in people with glycated haemoglobin concentrations in the high normal range [7] . Thus, while it is possible to reduce mean glycaemia enough to decrease the incidence of microvascular complications [1, 2] , perhaps it is not practical, with current treatment regimens, to hold plasma glucose concentrations low enough and long enough to prevent macrovascular disease in a substantial proportion of people with diabetes because of the barrier of hypoglycaemia.
In short, we have a demonstrably effective glucoselowering drug. Given in sufficient doses insulin will lower plasma glucose concentrations, but we cannot replace insulin in a physiological fashion with current available methods. The temporal profile of the glucose-lowering actions of exogenous insulin administered to patients with diabetes (even the most rapidacting insulin analogues) is measured in hours while that of physiological endogenous insulin secretion by people without diabetes is measured in minutes. As a result, patients with diabetes given insulin doses sufficient to hold plasma glucose concentrations at non-diabetic levels part of the time are likely to suffer hypoglycaemia at other times, particularly when physiological defences against falling plasma glucose concentrations are compromised.
Pathophysiology of Glucose Counterregulation in Type I diabetes
Frequency of iatrogenic hypoglycaemia. Hypoglycaemia is a fact of life for people with Type I diabetes [4] ; those attempting to achieve glycaemic control suffer many episodes of asymptomatic hypoglycaemia; glucose concentrations have been reported to be less than 3.3 mmol/l (60 mg/dl) 10% of the time [4, 8, 9] . They suffer an average of two episodes of symptomatic hypoglycaemia a week -thousands of such episodes over a lifetime of diabetes -and an episode of severe, at least temporarily disabling, hypoglycaemia approximately once a year [1, 10, 11] . Indeed, an estimated 2 to 4% of deaths of patients with Type I diabetes have been attributed to hypoglycaemia [4] .
Physiological defence against hypoglycaemia. Glucose counterregulation -the physiological mechanisms that normally prevent or rapidly correct hypoglycaemia so effectively that hypoglycaemia is a distinctly uncommon clinical event in people who do not have diabetes -has been reviewed in detail [4, 12] .
Decreasing plasma glucose concentrations normally trigger a sequence of responses [13, 14, 15] : (i) decrements in insulin as glucose concentrations decline within the physiological range; (ii) increments in glucagon and epinephrine, among other neuroendocrine responses, as glucose concentrations decrease just below the physiological range and (iii) neurogenic (autonomic) and neuroglycopaenic symptoms, and cognitive impairments, at lower glucose concentrations. Whereas the glycaemic thresholds for these responses (mean arterialised venous plasma glucose concentrations of about 4.5 mmol/l (81 mg/dl), 3.7 mmol/l (67 mg/dl) and 3.0 mmol/l (54 mg/dl) respectively) are reproducible in healthy subjects [13, 14, 15] , they shift to higher plasma glucose concentrations in poorly controlled diabetes [16, 17] and to lower plasma glucose concentrations following episodes of hypoglycaemia [18, 19, 20, 21] . These threshold shifts are of considerable relevance to the pathogenesis of iatrogenic hypoglycaemia in diabetes.
Decrements in insulin -which favour increased hepatic (and renal) glucose production and decreased glucose utilisation by insulin-sensitive tissues such as muscle -are the first defence against falling plasma glucose concentrations [12] . Among the glucose counterregulatory factors, increments in glucagon, which stimulate hepatic glycogenolysis and favour hepatic gluconeogenesis, play a primary role [12] . Although demonstrably involved, increments in epinephrine, which stimulate hepatic (and renal) glucose production and limit glucose utilisation by insulin-sensitive tissues, are not normally critical but become critical when glucagon is deficient [12] . Increments in cortisol and growth hormone, both of which limit glucose utilisation by insulin sensitive tissues and support glucose production, are involved in the defence against prolonged hypoglycaemia but are not critical to recovery from even prolonged hypoglycaemia or to the prevention of hypoglycaemia after an overnight fast [12] . If they are involved, glucose autoregulatory and neural counterregulatory mechanisms play minor roles. Thus, insulin, glucagon and epinephrine stand high in the hierarchy of redundant glucose counterregulatory factors. The secretion of all three hormones is typically impaired in Type I diabetes.
Clinical syndromes of compromised glucose counterregulation. The pathophysiology of glucose counterregulation in diabetes has also been reviewed in detail [4, 5] .
Absolute or relative therapeutic insulin excess causes plasma glucose concentrations to decline in Type I diabetes. As glucose concentrations decrease insulin concentrations do not decrease; they are unregulated and the result of passive absorption of administered insulin. Furthermore, glucagon concentrations do not increase ( Fig. 1) [22] . The latter is a signalling defect. The glucagon responses to other stimuli are largely, if not entirely, intact. The mechanism of the loss of the glucagon in response in Type I diabetes is not known but it is tightly linked to [23] , and possibly the result of, endogenous insulin deficiency. Thus, the first and second defences against developing hypoglycaemia are lost in established Type I diabetes. Furthermore, the epinephrine response to falling glucose concentrations, the third defence, is typically attenuated (Fig. 1) [17, 21, 24] . The glycaemic threshold for the epinephrine response is shifted to lower plasma glucose concentrations [17, 21] , largely the result of recent antecedent hypoglycaemia [21] . The combination of absent glucagon and attenuated epinephrine responses causes the clinical syndrome of defective glucose counterregulation. Patients with combined deficiencies of their glucagon and epinephrine responses have been shown in prospective studies to be at 25-fold, or at an even higher risk for severe iatrogenic hypoglycaemia during aggressive glycaemic therapy than those with absent glucagon but normal epinephrine responses [25, 26] . The attenuated epinephrine response is also a marker of an attenuated autonomic, sympathetic neural as well as adrenomedullary, response which causes the clinical syndrome of hypoglycaemia unawareness -loss of the warning, largely neurogenic, symptoms of developing hypoglycaemia. As it compromises behavioural defences against developing hypoglycaemia (eg. the ingestion of food), hypoglycaemia unawareness is also associated with a high frequency of severe iatrogenic hypoglycaemia [27] . Hypoglycaemia-associated autonomic failure. The concept of hypoglycaemia-associated autonomic failure (HAAF) [5, 21, 28] in Type I diabetes (Fig. 2) posits that recent antecedent iatrogenic hypoglycaemia causes both defective glucose counterregulation (by reducing the epinephrine response to hypoglycaemia in the setting of an absent glucagon response) and hypoglycaemia unawareness (by reducing the autonomic -sympathetic neural and adrenomedullaryresponse and thus the neurogenic symptom response to hypoglycaemia). The initial hypothesis [28] was based on the original finding that hypoglycaemia today reduces autonomic (including adrenomedullary) and symptomatic responses, among other responses, to subsequent comparable hypoglycaemia in non-diabetic subjects [18, 19] (Fig. 3, 4) . There is now considerable support for HAAF in Type I diabetes. Recent antecedent hypoglycaemia has been shown to shift glycaemic thresholds for autonomic (including epinephrine), symptomatic and cognitive dysfunction responses to subsequent hypoglycaemia to lower plasma glucose concentrations [21, 29] (Fig. 5, 6 ), to impair glycaemic defence against hyperinsulinaemia [21] and to reduce detection of hypoglycaemia in the clinical setting [30] in patients with Type I diabetes. Major support for the concept of HAAF is provided by the finding, from three independent laboratories [31, 32, 33] , that as little as 2 to 3 weeks of scrupulous avoidance of iatrogenic hypoglycaemia reverses hypoglycaemia unawareness (Fig. 7) and improves the epinephrine component of defective glucose counterregulation (Fig. 8 ) in most affected patients. 5 . Mean (±SE) arterialised venous plasma glucose, insulin, epinephrine and glucagon concentrations during hyperinsulinaemic stepped hypoglycaemic clamps in patients with Type I diabetes studied the morning after clamped hyperglycemia the previous day on one occasion (s, q) and after clamped hypoglycaemia the previous day on another occasion (s s,). Reproduced from reference [21] with permission of the Journal of Clinical Investigation Notably, the absent glucagon response is not restored [31, 32, 33] (Fig. 8) .
Studies of the mediator and mechanism of HAAF are ongoing in our laboratory and elsewhere [5] . It has been suggested that the cortisol response to antecedent hypoglycaemia mediates HAAF [34, 35, 36] . They found that antecedent cortisol infusion [34] , and antecedent exercise (which releases cortisol) [35] , mimics 6 . Mean (±SE) total, neurogenic (autonomic) and neuroglycopenic symptoms scores during hyperinsulinaemic stepped hypoglycaemic clamps in patients with Type I diabetes studied the morning after clamped hyperglycaemia the previous day on one occasion (s) and after clamped hypoglycaemia the previous day on another occasion (s s). Reproduced from reference [21] with permission of the Journal of Clinical Investigation Fig. 7 . Mean (±SE) neurogenic (autonomic) symptom scores during hyperinsulinaemic stepped hypoglycaemic clamps in non-diabetic subjects (rectangles) and in patients with Type I diabetes selected for clinical hypoglycaemia unawareness and studied at baseline (0 days, open columns), after 3 days of strict avoidance of hypoglycaemia as General Clinical Research Center inpatients (3 days, first set of cross-hatched columns), after 3-4 weeks of scrupulous outpatient avoidance of hypoglycaemia (3-4 weeks, closed columns) and after 3 months of scrupulous outpatient avoidance of hypoglycaemia (3 months, second set of cross-hatched columns). Reproduced from reference [33] with permission of the American Diabetes Association the phenomenon and that deficient cortisol secretion minimises the effects of antecedent hypoglycaemia [36] . We found antecedent exercise to have a more limited impact [37] . Among the responses to subsequent hypoglycaemia, only the epinephrine response was reduced, and that by only about 30%, after exercise. Furthermore, the symptom responses to hypoglycaemia were not reduced in either study [35, 37] . Thus, an additional factor, or factors, are likely to be involved in the mediation of HAAF.
Concerning the mechanism of HAAF, the brain glucose transport hypothesis is based on the finding that days to weeks of hypoglycaemia increase brain glucose uptake as well as brain microvascular (i.e., blood-brain barrier) GLUT-1 mRNA and protein in rodents (eg. [38] ). Using the Kety-Schmidt technique, it has been reported that 56 h of interprandial hypoglycaemia increased brain glucose uptake during hypoglycaemia in non-diabetic subjects [39] and that brain glucose uptake during hypoglycaemia was preserved in patients with well controlled (ie. frequently hypoglycaemic) Type I diabetes [40] . However, we [41] (Fig. 9) . The latter data do not support the hypothesis that increased blood-to-brain glucose transport is the mechanism of HAAF. They do not exclude increased regional glucose transport. Alternatively, the alteration could lie beyond the blood-brain barrier.
Finally, we and others have begun to study the mechanisms of the normal glucagon response to hypoglycaemia with the aim of gaining insight into the mechanism of the absence of the glucagon response in Type I diabetes [22] , a critical component of defective glucose counterregulation and HAAF. We have focused on the intraislet insulin hypothesis: a decrease in beta-cell insulin secretion, and thus a decrease in tonic intraislet α-cell inhibition by insulin, is normally a signal for increased glucagon secretion in response to hypoglycaemia. Prevention of the normal decrease in intraislet insulin, by infusion of the beta-cell secretagogue tolbutamide, selectively prevented the glucagon response to hypoglycaemia despite an entirely normal autonomic response in healthy subjects [42] . Taken together, the available data suggest a fundamental interaction between decrements in α-cell glucose and intraislet insulin in the normal glucagon response to hypoglycaemia. If so, loss of the signal of a decrease in intraislet insulin would plausibly explain loss of the glucagon response to hypoglycaemia in Type I diabetes.
Pathophysiology of Glucose Counterregulation in Type II diabetes mellitus
Relative frequency of hypoglycaemia. In general, the frequency of iatrogenic hypoglycaemia is substantially lower in Type II diabetes than in Type I diabetes. Representative event rates for severe hypoglycaemia (requiring the assistance of another person) in Type I diabetes are from 62 to 170 episodes per 100 patient years [1, 10, 11] . Those reported during aggressive insulin therapy of Type II diabetes range from 3 to 73 episodes per 100 patient years [10, 43, 44] . Thus, the rates of severe hypoglycaemia are roughly tenfold lower in Type II diabetes even during aggressive therapy with insulin. The rates are even lower in patients with Type II diabetes treated with oral hypoglycaemic agents. However, quantitative data from patients with Type II diabetes treated to near euglycaemia are limited. Over 6 years of follow-up of patients with Type II diabetes in the UKPDS, 2.4% of those using metformin, 3.3% of those using a sulfonylurea and 11.2% of those using insulin, reported major hypoglycaemia (requiring medical attention or admission to hospital) [45] . For comparison, 65% of the intensively treated patients with Type I diabetes in the DCCT suffered severe hypoglycaemia (requiring the assistance of another individual) over 6.5 years of follow-up [1] . Since the UKPDS involved newly diagnosed Type II diabetes and the patients' glycaemic control was not as strict as in the DCCT, the UKPDS data could well underestimate the frequency of iatrogenic hypoglycaemia in Type II diabetes.
Clinical experience suggests that iatrogenic hypoglycaemia becomes an increasingly frequent problem over time in Type II diabetes. Indeed, hypoglycaemia was found to become progressively more limiting to glycaemic control over time in the UKPDS [45, 46] . The UKPDS investigators noted that "...patients often did not achieve normoglycaemia. This was in part because of the high incidence of insulin-induced hypoglycaemia, which is a limitation in treating patients with Type II diabetes just as it is in patients with Type I diabetes" [46] . Furthermore, in one series the frequencies of severe hypoglycaemia were similar in Type II diabetes and Type I diabetes matched for duration of insulin therapy [47] . Given progressive insulin deficiency in Type II diabetes [45] , these findings indicate that iatrogenic hypoglycaemia becomes a progressively more frequent clinical problem for patients with Type II diabetes as they approach the insulin deficient end of the spectrum of Type II diabetes. Compromised glucose counterregulation. The relatively low overall frequencies of iatrogenic hypoglycaemia suggest that glucose counterregulatory mechanisms are largely intact early in the course of Type II diabetes. As discussed above, regulated insulin and glucagon secretion, and without the latter epinephrine secretion, normally play key roles in the prevention of hypoglycaemia [12] . Glucagon responses to hypoglycaemia have been reported to be normal [48, 49, 50] or reduced but not absent [51, 52, 53] in studies of unselected patients with Type II diabetes. Epinephrine responses have not been found to be reduced.
We tested the hypothesis that the glucagon response to hypoglycaemia is reduced in patients approaching the insulin deficient end of the spectrum of Type II diabetes [54] . Patients with Type II diabetes were selected for a longstanding requirement for therapy with insulin, a clinical surrogate for endogenous insulin deficiency. The latter was confirmed by documentation of low plasma C-peptide concentrations; indeed, the C-peptide concentrations were in the range often found in Type I diabetes [55] (but the absence of antibodies to glutamic acid decarboxylase, an inclusion criterion, provided evidence against late onset of Type I diabetes). In these patients with insulin deficient Type II diabetes the glucagon response to hypoglycaemia was virtually absent [54] . Thus, glucagon responses to hypoglycaemia are reduced in advanced Type II diabetes, those patients approaching the insulin-deficient end of the spectrum of Type II diabetes, as they are in Type I diabetes. These patients, and an additional group of less well controlled patients with Type II diabetes treated with oral agents, were restudied after two episodes of induced hypoglycaemia the previous day. This recent antecedent hypoglycaemia was shown to shift the glycaemic thresholds for autonomic (including epinephrine) and symptomatic responses, among other responses, to subsequent hypoglycaemia to lower plasma glucose concentrations in Type II diabetes, as it does in Type I diabetes. Thus, patients with advanced Type II diabetes are at risk for developing defective glucose counterregulation and hypoglycaemia unawareness, the components of hypoglycaemia-associated autonomic failure, analogous to that which occurs in Type I diabetes. This could explain why iatrogenic hypoglycaemia limits glycaemic control as patients approach the insulin deficient end of the spectrum of Type II diabetes [45, 46, 47] .
The pathophysiology of glucose counterregulation in Type II and Type I diabetes is summarised (Table 1). Whereas glucose counterregulation is compromised early in the course of Type I diabetes, defences against decreasing plasma glucose concentrationsdecrements in insulin and increments in glucagon and epinephrine -appear to be preserved early in the course of Type II diabetes. However, these are compromised over time as the patient approaches the insulin deficient end of the spectrum of Type II diabetes. Thus, over time the risk of hypoglycaemia in Type II diabetes approaches that in Type I diabetes [45, 46, 47] .
Clinical Risk Factors and Risk Factor Reduction
The conventional risk factors and the more recently recognized risk factors for iatrogenic hypoglycaemia and an approach to clinical hypoglycaemia risk factor reduction have been reviewed [4, 56] .
Conventional risk factors: insulin excess. The conventional risk factors for iatrogenic hypoglycaemia [56] , conceptualised in Type I diabetes but relevant to Type II diabetes, are based on the premise that absolute or relative insulin excess, whether injected or secreted insulin, is the sole determinant of risk. Absolute or relative insulin excess occurs when: (i) insulin, or insulin secretagogue or sensitizer, doses are excessive, ill-timed or of the wrong type; (ii) exogenous glucose delivery is decreased after missed meals or snacks and during the overnight fast; (iii) endogenous glucose production is decreased after alcohol ingestion; (iv) glucose utilisation is increased during exercise; (v) sensitivity to insulin is increased late after exercise, in the middle of the night and after weight loss, increased fitness or improved glycaemic control or during treatment with an insulin sensitizer; (vi) insulin clearance is decreased as in renal failure. Although they must be considered carefully, these conventional risk factors explain only a minority of episodes of severe iatrogenic hypoglycaemia, at least in Type I diabetes [57] . Patients with diabetes occasionally suffer from other hypoglycaemic disorders that occur in people without diabetes [4] , and these increase the risk of iatrogenic hypoglycaemia. They are a rare, but sometimes treatable, cause of hypoglycaemia in diabetes.
Insulin excess plus compromised glucose counterregulation. Although hypoglycaemia can, of course, result from insulin excess alone, iatrogenic hypoglycaemia is more appropriately viewed as the result of the interplay of insulin excess and compromised glucose counterregulation in Type I diabetes and advanced Type II diabetes (Table 1) [4, 56] . Risk factors related to compromised glucose counterregulation that are well established in Type I diabetes [1, 23, 58] and are likely to be relevant in advanced Type II diabetes, include: (i) insulin deficiency; (ii) a history of severe hypoglycaemia, hypoglycaemia unawareness, or both; (iii) aggressive glycaemic therapy per se as evidenced by .. Indeed when we wish to ascribe to a physiological quality its value and true significance we must always ... draw our final conclusion only in relation to its effects in the whole." [59] .
lower haemoglobin A 1C concentrations, lower glycaemic goals, or both. These are clinical surrogates of compromised glucose counterregulation. Insulin deficiency indicates that insulin concentrations will not decrease and predicts accurately that glucagon concentrations will not increase [23] as glucose concentrations decrease. A history of severe hypoglycaemia indicates, and that of hypoglycaemia unawareness or even aggressive therapy per se implies, recent antecedent hypoglycaemia. The latter is the proximate cause of hypoglycaemia-associated autonomic failure. Obviously, because of the pharmacokinetic imperfections of all glucose-lowering therapies, iatrogenic hypoglycaemia occurs in the absence of these risk factors [56] . Nevertheless, the risk is increased considerably in their presence [1, 23, 58] .
Risk factor reduction. Reducing the risk of iatrogenic hypoglycaemia, while attempting to hold plasma glucose concentrations as close to the non-diabetic range as can be accomplished safely, involves three steps [56] : (i) Addressing the issue of hypoglycaemia during every visit with the patient; (ii) applying the principles of aggressive therapy -patient education and empowerment, frequent self-monitoring of blood glucose, flexible insulin or other drug regimens, individualised glycaemic goals and ongoing professional guidance and support; (iii) considering both the conventional risk factors and those indicative of compromised glucose counterregulation. With respect to the latter, clinical hypoglycaemia unawareness (which also implies defective glucose counterregulation) is a clear clue to recurrent antecedent hypoglycaemia. Given a history of hypoglycaemia unawareness a 2 to 3 week period of scrupulous avoidance of hypoglycaemia, which can be assessed by the return of awareness, is advisable [31, 32, 33] .
Perspective
Although it is possible to minimize the risk of hypoglycaemia while attempting to achieve and maintain some degree of glycaemic control [56] , iatrogenic hypoglycaemia remains the limiting factor in the glycaemic management of diabetes. It is not practical to eliminate hypoglycaemia from the lives of patients with Type I diabetes, and many with Type II diabetes mellitus, with available treatment regimens without compromising glycaemic control. Due to the barrier of hypoglycaemia the vast majority of people with diabetes do not have normal haemoglobin A 1C concentrations and are at risk for the macrovascular and the microvascular complications of the disease. Pending the prevention and cure of diabetes, true euglycaemia will require treatment methods that provide plasma glucose-regulated insulin replacement or secretion. In the meantime we need to learn to replace insulin in a
